Introduction
The heat of sublimation of carbon is one of the least accurately known quantities in thermochemistry. There are two experimental methods by which it might be measured. One uses the equations C(solid) + h02{zZ) = CO(X 12 ') + 27*40 keal., CO(X i£ ) = C(3P) + 0 (3P) -D0 kcal., 0 ( 3P) = | 0 2(3i;) + 58*6 kcal.
From these it follows that the heat of sublimation of carbon (graphite) is D0 -86 kcal./mol. Herzberg reviews the situation in his book (1939) and concludes that the most likely value of D0 is 9*14eV, although a much less probable value is 6*92 eV. Another possibility which he does not mention is D0 11*054 eV, obtained from a predissociation limit. The difficulty is that of fixing the atomic states into which one of the excited levels of the molecule dis sociates, and there appears to be no way of doing this spectroscopically. If D0 = 9*14 eV, the heat of sublimation L = 124*8 kcal./mol. and if D0 = 11*054 eV, then L = 168*8 kcal./mol.
The second method of measuring the heat of sublimation is to find the rate of vaporization of carbon as a function of temperature. Then the slope of the log (rate) curve plotted against 1 gives the heat of sublimation. The experimental difficulties are great, but Marshall and Norton (1933) have succeeded in obtaining a value 176 kcal./mol. Thus the value of L about 170 kcal./mol. does appear to be consistent with both sets of measure ments.
Herzberg, Herzfeld and Teller (1937) have, however, created a Gibertian situation by advancing an ingenious argument which states that the rate of evaporization experiment gives an apparent value of L that is 1^ times the true value. Thus, if L = 125, the heat of vaporization experim appear to give the heat of sublimation about 180 kcal./mol. Therefore, they conclude, the value is actually 125 kcal./mol. Whatever the merits of the argument of Herzberg, Herzfeld and Teller, it has at least eliminated measurements of the rate of vaporization of carbon as an uncontroversial method for determining the heat of vaporization.
In the present paper we explain a new way by which the heat of sublima tion of carbon may be estimated, and in three separate applications we find a consistent result 170 + 10 kcal./mol.
A brief statement of some of our results has already been given (Kynch, Lloyd and Penney 1940), but the details have been deferred because the Vol 179 A.
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value of L which, we obtained contradicted that found by Herzberg, and his arguments seemed conclusive. Recently, at least two new points have been made by other authors and we have decided, therefore, to give our results in full.
White (1940) states that D0 = 11-054 eV for CO, since this is the only value which can be reconciled with his estimate of the energy of dissociation of CN, taken in conjunction with thermochemical equations similar to those given above and described by Herzberg (1939)-Baughan has pointed out (1941) that the energy of the C-C link in ethane calculated from the reaction 2CH4-> C2H 6 + H 2, is 88-2 kcal./mol. This differs by 30 kcal./mol. from the value 58-3 kcal./mol., given by Pauling (I939)> assuming L = 124 kcal./mol. However, if 170, then consistent values of the bond energies are obtained. In our opinion this is a strong argument in favour of L -170 kcal./mol. As a point of interest, it may be stated that a Birge-Sponer extrapolation of the lowest 25 vibration levels in the normal states of CO leads to a dis sociation energy into normal atoms of 11-34 eV. Details will be found in the Report on band s p e c t r a , by Jevons (1932).
Bond energies
Many attempts have been made to construct tables of bond energies. Most of the recent books on molecular structure and thermochemistry give them prominence, and use them frequently. The use of any of these sets of bond energies to estimate the heat of reaction from one set of molecules involving carbon to another set is accurate provided that none of the molecules is mesomeric, because the heat of sublimation of carbon cancels out. If some of the molecules are mesomeric, there is an uncertainty in the estimated heat of the reaction, usually of the order of a few kcal. This is not great enough to permit the experimental value of the heat of the reaction to be used to fix the heat of sublimation of carbon, unless an improved form of the present theories is developed. We have actually tried to do this, and our results will be given later in this paper.
Absorption spectra of mesomeric molecules
Bury (1935) was apparently the first to suggest in any published work that mesomeric molecules should show absorption spectra corresponding with an electronic transition from one mesomeric state to another. Following up this idea, Sklar (1937) made calculations which gave the wave-lengths of these transitions for benzene, fulvene and azulene. His methods are con siderably extended in accuracy and application in the present paper.
To illustrate Sklar's arguments, we give briefly the details for benzene. As is well known from the work of Pauling and Wheland (1933), the six pn orbitals of benzene from a resonating system. There are five singlet states; the exchange energy of the most stable state is 2-606/, where / is an exchange integral between neighbours. The next most stable state has an exchange energy OJ. Since all the other terms in the expressions for the energies of the two states are the same, the absorption frequency should be simply 2*606/. There are at least two methods of finding the numerical value of / . Pauling (1933) determines / from a study of the heats of forma tion of a number of mesomeric molecules and obtains / = 1*55 eV. The corresponding wave-length of the absorption band is approximately 3080 A. The value of / , however, depends considerably upon the value chosen for L, the heat of sublimation of carbon. The value / = 1*55 eV is based on L = 176 kcal./mol. Recently, Pauling has accepted Herzberg's value L = 124 kcal./mol., and the value of / should be modified to 1*0 eV. The absorption band is therefore calculated to appear at 4770 A. Experi mentally, the long wave limit of the absorption band is 2700 A, and the maximum absorption is at 2500 A. Sklar determines / from the observed heats of hydrogenation of various products of benzene, and obtains / = 1*92 eV. The corresponding wave length of the absorption band is 2450 A. As we show later, the way in which Sklar estimates / may be criticized, although his result happens to be a very good approximation.
These two ways of finding / assume that all bond lengths are the same, whether in the ground state or the excited state, although the excited state may be highly unstable in such a configuration. Further, the energy of the excited state, other than the resonance energy of the p7r-electrons, is con siderably different from that in the ground state, unless the bond lengths are the same. In some cases the deviations of the individual lengths from the mean is quite small, and the assumption of equality is good. In other cases the approximation is poor. The X-ray measurements of Robertson and Woodward (1938) have shown that all the bonds are not of the same length in the ground state of many mesomeric molecules, e.g. stilbene and tolane, and this fact has been confirmed by the theoretical calculations of Lennard-Jones (1936), Penney (1936), Coulson (1938) and others. There is no experimental evidence on the bond length of the excited molecules, but the improved theoretical method to be described enables these to be calculated and shows that large deviations from the mean length are to be expected.
The experimental data which we use are the energy of the double bond,
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of sublimation of carbon 217 the normal benzene bond, and the force constants for these bonds. The theory then gives the equilibrium configurations and the energies of the molecules and hence the frequencies of the absorption bands and the heats of hydrogenation. A comparison of these values with experimental results enables the heat of sublimation of carbon to be determined.
Bond energies and heats of formation
The first part of this discussion closely follows modifications of the pair theory described by Penney and Lloyd (1939).
The 25-orbital and two of the 2p-orbitals of a carbon atom in the valency sp3 state can hybridize to form three coplanar orbitals directed at angles 120° to each other. Electrons in these orbitals form bonds with unpaired electrons of neighbouring atoms, according to the usual pair theory. We shall refer to these bonds as the trigonal bonds. The carbon atoms in ethylene and benzene are linked to three ether atoms in this way. The remaining 2p7r-electron either enters into a localized bond with a similar electron on a neighbouring carbon atom, as in ethylene, or else forms part of a resonating system with other similar 2p7r-electrons, as in benzene. The exchange energy of the 2j?7r-electrons can be calculated in terms of an exchange integral J ( ) between neighbouring 2p7r-electrons. In ethylene, the exchange energy is J ; and in benzene it is 2*606,7, or 0*434,7 per bond. Denote by S(r) the energy per bond, other than that of the exchange energy of the 2p7r-electrons. Thus, in S(r), proper account may be taken of non-orthogonality, non-perfect pairing, and interactions between the )2 and the (2s)2 2 configura tions of the C atoms.
We do not attempt to determine S and J by quadrature, but follow a well-established practice of fitting them empirically. Thus, with high approximation, the energy of the double bond, as in ethylene, is The summation is over all trigonal carbon-carbon bonds that enters into the resonance problem, and the summation E(C-C) is over all the remaining carbon-carbon bonds. We assume that the C-H bonds are unaffected by changes in the (C-C) distances. The length of each (C-H) bond is 1*08 A and its energy is 99 kcal. if the value of L is 170 kcal./mol., and is 89 kcal. if L = 130 kcal./mol.
The equilibrium lengths of the bonds are given by the equations
A similar expression is obtained for W e, the energy of the first excited state. Analytical forms of W g(r) and W e(r) are not easy to obtain in practice, and it is necessary to calculate the E for various values of the set J and minimize the W numerically. The minimum values of these total energies we denote by W g and W e without the brackets.
Transitions can take place between the two states with absorption of light of suitable energy. The minimum absorption energy is W g -W e\ this transition in general requires a considerable change in the lengths of some of the bonds. This is not, therefore, the most probable transition. According to the Franck-Condon principle, maximum absorption takes place without a change in the lengths. Since the excited molecule is then distorted from the equilibrium position, the frequency of this transition is appreciably higher than the transition from W g to W e, in agreement with experiment.
The expression for the total energy (2) also determines the vibration frequencies. The variation of W(r) for changes in the lengths of the bonds without angular variation is obtained by writing Tj = where is the equilibrium length of the bondj, and expanding $(r3 -), E and then W{Tj) as power series in the Xj. Because the molecule is in equili xj ~ 0 ( j= 2 ,..., n), the constant term is the energy of formation, terms of the first order in the x;-'s are missing, and the second-order terms determine the most important parts of the potential function, neglecting anharmonicity.
We do not at present know the dependence of W upon angular variations, and to this extent the calculated potential function is limited. Empirical terms in the bond angles may be added to explain the observed frequencies.
One interesting feature of the potential functions we obtain is that cross terms between displacements of bonds far removed from one another are as important as those connecting neighbours. 
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A central force field without cross-terms is nearly correct. The potential energy of the excited state is
We = 858*58 -677x2 + 269xax6 -538x|. 
H exatriene f(E)= E* + AE* + BE2 + C E + D = 0,
Hydrogenation of benzene
We shall now discuss the hydrogenation of benzene to cyclohexadiene, cyclohexene and cyclohexane. Experimentally, it is found that C6H6 + 3H2 = C6H 12 + 49-8 kcal., j These values are independent of the heat of sublimation of carbon, since they depend only on thermochemical data.
No account is taken in this argument of variations in the carbon-carbon lengths. As it happens, when corrections are made for these variations, large terms practically balance each other out, and Sklar's approximation is a good one.
Consider cyclohexadiene as an example. The structural diagram shows a single bond between the two double bonds. The resonance problem is there fore that of butadiene. The 'double' bonds are of length 1*33 A, and the bond between them is of length 1*47 A. The distance between the two carbon atoms furthest apart in cis-butadiene is therefore about 2*80 A. The re maining four sides of the ring in cyclohexadiene are all of the same length, namely about 1*54 A. It will be seen that the six carbon atoms cannot be coplanar. Most probably, not even four of the carbon atoms are coplanar. The molecule is strained, but the loss of energy due to strain is small.
The following are the equations for the heats of formation from normal atoms of the hydrogenation products of benzene, obtained by assuming that the loss of stability due to strain is negligible.
W (C 6H 8) =
Bu+ 2C (22) First let us consider the states of the carbon atoms at the edges of a sheet. It simplifies the problem to assume that A and B are in the divalent state (s2p 2) and C and D are almost entirely in the tetravalent state (spz). These states differ in energy by about 160 kcal./mol. As A is removed, C remains bound only to two atoms, and presumably reverts to the divalent state with emission of energy. At the same time the bonds of B are rearranged to strengthen the link BD, also with emission of energy. Both alterations make easier the removal of A, and suggest that the energy of the process is rather less than the sum of the energies of the bonds AC and AB. Moreover, the atom B is now more firmly bound to Db y a double bo original energy of the bond BD is required to remove it, even though the atom D also would take up the divalent state.
This short discussion is sufficient to show that there is no simple relation of the type proposed between the energies of the removal of A and B. Of course, these atoms are not in the divalent state, but in a composite state including both the divalent and tetravalent states of carbon. This only makes the relations between the energies even more complicated. The situation is probably similar to that in methane, where it is found that large energy terms balance one another so that the energies of detachment of successive hydrogen atoms are almost equal. Table 4 Our conclusion is that the heat of vaporization of carbon is about 170 kcal./mol. A more exact value is probably 168*8 kcal. obtained spectro scopically from the predissociation limit D = 11*054 eV for CO. Supporting The method of attack that we have described in this paper is essentially similar to the methods developed by Eyring and his collaborators (1935) for estimating activation energies. The splendid results achieved in this field give grounds for confidence in our values.
Conclusion
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